Abstract In order to reveal provenance of detrital sediments supplied by West Antarctic Ice Sheet (WAIS), 19 glaciomarine cores of Last Glacial Maximum age were analyzed from Eastern Ross Sea and Sulzberger Bay. Analytical techniques included petrographic analysis of gravel-sized clasts, geochronology (zircon U-Pb: Zrn-UPb) and thermochronology (apatite fission track: AFT) of sand-sized fractions. Petrographic analysis revealed a similarity with the lithologies presently exposed in western Marie Byrd Land (MBL), with major roles played by low-grade metamorphic rocks and granitoids. Furthermore Zrn-UPb and AFT data allowed to identify the ages of formation and cooling of sedimentary source area, consisting of Cambrian-Precambrian basement (i.e., Swanson Formation in western MBL) which underwent at least two episodes of magma intrusion, migmatization and cooling during Devonian-Carboniferous and Cretaceous-Paleocene times. Scarcity of volcanic clasts in the region of Ross Sea along the front of West Antarctica Ice Streams in association with the occurrence of AFT Oligocene-Pliocene dates suggests a localized tectonic exhumation of portions of MBL, as already documented for the opposite side of West Antarctic Rift System in the Transantarctic Mountains. Furthermore, a Zrn-UPb and AFT population of Late TriassicJurassic age indicates the presence of unexposed rocks that formed or metamorphosed at that time in the sedimentary source area, which could be identified in McAyeal Ice Stream and Bindschadler Ice Stream catchment areas.
Introduction
Glaciated regions such as Antarctica are often characterized by areas with poor rock exposures, so studies of glacial sediments are crucial in revealing glacier dynamics and providing important information about concealed source rocks.
Comparison between age populations found in sedimentary samples versus regional bedrock ages allows the identification of possible source areas that may be used to determine ice flow drainage patterns. In addition, petrography of a gravel-sized fraction can give a complete microstructural and lithological picture of the rocks involved in the erosional framework, thus allowing a robust interpretation of geology of the source area. This methodology has been successfully used in Antarctica to track provenance changes and unravel paleo ice-flow patterns evolution through time [e.g., Talarico and Sandroni, 2011] . Provenance studies in the Eastern Ross Sea have so far provided petrographic data only from medium and coarse sand fraction analysis [Anderson et al., 1992; Licht et al., 2005] .
In this work, we present a geochronological and thermochronological provenance study of Eastern Ross Sea LGM sediments, combined with a gravel-sized clasts petrographic analysis. The methodology allowed us to identify distinct different eroded source rock units, consisting of metamorphic basement, metasediments, volcanic, and plutonic rocks, and to obtain information about crystallization, metamorphism, and exhumation history of source rock units. The combined data set obtained with this study well matches the western Marie Byrd Land geology, therefore illuminating the ice drainage patterns during LGM. 
Geochemistry, Geophysics, Geosystems
Starting from about Oligocene time [Ivany et al., 2006 in Antarctic Peninsula] , West Antarctica was involved in the first development of an ice sheet which enlarged further forming the West Antarctic Ice Sheet in Middle to Late Miocene time [Barker and Camerlenghi, 2002] . In this scenario, on the basis of geomorphological evidences, Marie Byrd Land was affected since 15 Ma by a cold-based glaciation [Rocchi et al., 2006] . The WAIS collapsed several times during Pliocene [Naish et al., 2009; Pollard and DeConto, 2009] . Currently, almost one third of the ice of Antarctica is drained to the Ross Sea Embayment, both from the EAIS and the WAIS. EAIS ice flows come from big outlet glaciers through the Transantarctic Mountains, while most of the West Antarctica ice flows from fast moving Ice Streams, without any significant rock exposures. Some of the Ice Streams (Whillans and Mercer Ice Streams) could drain ice also from the southern sector of the Transantarctic Mountains. The current ice-flow pattern is different from that occurring during last glaciation, according to indicators of flow of overriding ice across some mountain ranges in western Marie Byrd Land during LGM [Sugden et al., 2005 for the Ford Ranges]. These authors demonstrated that some regional LGM ice flows have changed to radial flows affected by local glaciers following deglaciation during Holocene time.
The sampling area of this study, the eastern basin of the Ross Sea, has a bathymetry characterized by two north trending troughs, separated by ridges. These geomorphic features were at LGM occupied by grounded ice fed by WAIS Ice Streams [Mosola and Anderson, 2006; Anderson et al., 2014] . This study follows the nomenclature given by Mosola and Anderson [2006] for these easternmost troughs of the Ross Sea Embayment (5 and 6, respectively). Other offshore sampling areas are located close to the coast of Marie Byrd Land, in the glacially eroded Colbeck Trough fronting Edward VII Peninsula, and in the western Sulzberger Bay, in the region east of Cape Colbeck ( Figure 2 ).
Provenance Studies in Eastern Ross Sea and Bedrock Geochronology and Thermochronology of MBL
Paleodrainage reconstruction of LGM ice sheets was first proposed by Hughes [1973] based on the presence of large bathymetric troughs on the Ross Sea floor. Later, Anderson et al. [1983 Anderson et al. [ , 1992 used heavy minerals and clays from tills to reconstruct paleo ice flows on the continental shelf. Petrographic coarse sand data from Anderson et al. [1992] revealed an Eastern Ross Sea detrital composition made up mainly by metamorphic and felsic granitoid lithic grains. More recently, provenance studies on a till sand fraction by means of petrographic (point counting), isotopic (Sm-Nd; Pb-Pb) and geochronological (U-Pb; Ar-Ar) techniques were carried out by Licht et al. [2005 Licht et al. [ , 2014 , Farmer et al. [2006] , and Licht and Palmer [2013] . The combined results of these studies demonstrated that the Ross Sea has a contribution of drainage both from EAIS and WAIS, with the convergence of the two ice flows into the Ross Sea at about 1808 longitude [Licht et al., 2005 Anderson et al., 2014] . In particular Licht et al. [2014] provide detrital zircon U-Pb (Zrn-UPb) data from the Ross Sea and from some of the Ice Streams draining the West Antarctica Ice Sheet. Their data show an abundance of Neoproterozoic and older dates for both the Ross Sea and the Ice Stream samples. Minor populations with Cenozoic and Upper Triassic-Jurassic ages are also present. Close to our study area, Siddoway et al. [2004b] provide Cretaceous Zrn-UPb ages for dredged mylonites from Colbeck Trough, interpreted to be derived from Byrd Coast Granite in Edward VII Peninsula. The same authors found also Late Cretaceous AFT ages for the same samples.
Taking in consideration previous provenance studies carried out in the region, this study focus on marine piston cores distributed spatially in four main groups across Eastern Ross Sea, facing the coastal area of western Marie Byrd Land and Roosevelt Island: the easternmost group comprises three cores located close to the coast in Sulzberger Bay; the second group comprises one core in Colbeck Trough, the third group comprises six cores located in the bathymetric trough number 6 of Mosola and Anderson [2006] ; the fourth group comprises eight cores located in trough number 5 of Mosola and Anderson [2006] (Figure 2 ). Mukasa and Dalziel [2000] provide Late Paleozoic and mainly Cretaceous Zrn-UPb ages in granitoids from Ruppert and Hobbs Coast. Hart et al. [1997] infer K-Ar ages for volcanic rocks in the Hobbs Coast ranging between 12 and 2 Ma.
On the basis of geochronological Zrn data, Pankhurst et al. [1998] divided Marie Byrd Land in two provinces, the westernmost one being characterized by Cambrian and Devonian-Carboniferous ages. Yakymchuk et al. [2015] uncover detrital UPb ages of the sedimentary Swanson Fm., in the Ford Ranges, with a major Neoproterozoic-Cambrian (500-750 Ma) and minor Mesoproterozioc (930-1180 Ma) , Paleoproterozoic (1560 -1930 , and Paleozoic (387 6 22 Ma) age populations.
Zrn-UPb ages of the Fosdick Mountains migmatite-granite complex [Siddoway and Fanning, 2009; Brown et al., 2016] define intervals of 370-355 Ma and 118-90 [McFadden et al., 2010a, 2010b; Brown et al., 2016] for plutonism and migmatization.
McFadden et al. [2010a, 2010b] , Saito et al. [2013] , and Brown et al. [2016] present UPb ages for zircons and titanite in the Fosdick Mountains plutons, mafic dykes and migmatites, yielding Cretaceous crystallization ages (Byrd Coast Granite age). Richard et al. [1994] provide AFT, Ar/Ar, and Monazite UPb data for highgrade metamorphic rocks in the Ford Ranges, yielding Cretaceous to Eocene ages. Mosola and Anderson [2006] , contoured by short-dashed lines. Long-dashed lines trace hypothetical flow lines. Geologic map from Wade et al. [1977a Wade et al. [ , 1977b Wade et al. [ , 1977c Wade et al. [ , 1978 .
Geochemistry, Geophysics, Geosystems 10.1002/2016GC006728 Contreras et al. [2012] present zircon UPb and U-Th/He dates on metasedimentary gneisses and granites between Alexandra (Edward VII Peninsula) and Fosdick Mountains (Ford Ranges), yielding major detrital populations of 1000-1100 and 500 Ma, and Middle-Late Cretaceous crystallization-cooling ages. Adams et al. [1995] carried out a geothermochronometric study of the Edward VII Peninsula (Alexandra and Rockfeller Mountains), revealing regional metamorphism at 421-432 Ma (Rb-Sr dates of the Swanson Formation), emplacement of granites and thermal metamorphism in the Cretaceous (95-105 Ma, K-Ar dates of granites). Upper zircon fission track and AFT data from this work and Siddoway et al. [2004b] indicate the period of regional cooling and uplift started concurrently to granite emplacement.
Lisker and Olesch [1998] infer from AFT data three distinct periods of cooling for the Edward VII Peninsula and the Ford Ranges (100-85; 70-65 and since the Oligocene), attributed to a pulsing mantle plume. Spiegel et al. [2016] provide zircon fission track data (108-80 Ma), , and apatite (U-Th)/He (128-5 Ma) data for the Hobbs Coast and eastern Marie Byrd Land.
As a whole these data describe a Precambrian-Cambrian basement, undergoing several episodes of magma intrusion, metamorphism, migmatization, and regional uplift and cooling (Devonian-Carboniferous; Cretaceous-Paleocene), and a major volcanic and localized uplift-cooling stage since the Oligocene. From such a bedrock picture single grain detrital samples are expected to be mainly Neoproterozoic, DevonianCarboniferous, Triassic-Jurassic, or Cretaceous for the Zrn-UPb, and mainly Late Cretaceous-Cenozoic for the AFT.
Materials, Methods, and Results

Sampling Strategy
A total of 19 LGM and post-LGM piston cores collected by different scientific cruises across the Eastern Ross Sea was logged and sampled at the Marine Geology Antarctic Research Facility of Tallahassee, Florida. Distribution map and list of samples are shown in Figure 2 and Table 1 . The rationale of the choice of these piston cores is based on their geographic distribution, sediment recovery, and presence of clast-rich glacial till sedimentary facies. Figure 2 shows geographic location of sites, which are distributed over the Eastern Ross Sea and can be grouped in four different subareas: Sulzberger Bay on the east, Colbeck Trough close to the coast of Edward VII Peninsula, trough 6 in the central subarea and trough 5 on the west of the study area (following the nomenclature applied by Mosola and Anderson [2006] , Figure 2 ). 
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Logging was aimed to identify the distribution and the features of the gravel fraction (i.e., granule to cobble size clasts) along the entire length of each core. The size, shape and features of each clast >2 mm was determined for each 10 cm interval of the working half split surface of the core. On the basis of distinctive macroscopic features, clasts were grouped into six major lithological groups (volcanic rocks; intrusive rocks; metamorphic rocks; sedimentary rocks; quartz; dolerite). Data acquisition also involved subdivision and counting of clasts occurrence in each group for each 10 cm interval of the cores. A summation of all clasts from different lithological groups was carried out for each core. Table 1 shows also number of logged clasts for each half split surface of cores. A total amount of 1118 clasts were counted and measured from the 19 cores and from these 210 representative clasts (granule to cobble size) were sampled for petrographic analysis. Furthermore, 15 bulk till sand-rich intervals (2-5 cm thick) were sampled for geochronological and thermochronological analysis on the granulometric fraction comprised between 63 lm and 2 mm. Sampling depths for geochronological and thermochronological analysis are listed in Table 1 . 
Petrographic Results
On the basis of detailed petrographic analysis, clasts recovered from the piston cores can be grouped in the following four main lithological groups (Table 2 and Figure 3 ):
1. Igneous plutonic rocks, including undeformed biotite-hornblende granodiorite and tonalite, biotite monzogranite, alkaline feldspar quartz-syenite, leucocratic biotite syeno-granite (334 total clasts). 2. Igneous subvolcanic and minor volcanic rocks, including syeno-granite, monzonitic and mafic porphyries, dolerites, trachyte, and rare felsic volcanics (25 total clasts). 3. Low-grade metamorphic rocks, including biotite hornfels, biotite 6 white mica schists, biotite-actinolite schists, quartzites, metasiltstones, metasandstones, phyllites, slates (604 total clasts). 4. Sedimentary rocks, including lithic graywackes, impure quartz-arenites, siltstones, and mudstones (85 total clasts). Two main types of granitoids were distinguished among the samples: black and white biotite 6 hornblende monzogranite, granodiorite, and tonalite (type A in Table 2 and Figure 3 ) are slightly foliated inequigranular, medium to coarse grained, with hypidiomorphic texture. Biotite is sometimes replaced by chlorite, while feldspars present a light to strong alteration in sericite; quartz is anhedral and interstitial to euhedral plagioclase. Accessory phases are titanite, apatite, zircons, allanite, and opaque minerals. The second variety is composed by slightly foliated pinkish, inequigranular to slightly equigranular, medium to coarse grained, porphyritic biotite monzogranite and leuco syeno-granites (type B in Table 2 and Figure 3) , with hypidiomorphic texture. Ortoclase is perthitic and slightly altered in sericite. Accessory phases comprise apatite, zircon/monazite, and opaque minerals.
Light gray syeno-granite porphyry (Thin section 14) consists of inequigranular porphyritic texture, with mm sized euhedral phenocrysts of K-feldspar, subrounded quartz, and plagioclase set in a fine-grained quartz and feldspar groundmass. Dolerite (Thin section 17) has inequigranular fine to medium grained subophitic texture, with small plagioclase laths intergrowth with larger clinopyroxene crystals and small altered olivine crystals. In another Thin section (23), dolerite has a slightly spherulitic texture, with crystals of plagioclase and clinopyroxene set in a matrix of opaque minerals. Mafic rocks include doleritic porphyries, characterized by holocrystalline fine to medium grained porphyritic textures, with phenonocrysts of plagioclase and clinopyroxene set in a microcrystalline plagioclase-clinopyroxene-opaque minerals groundmass. In one case (i.e., Thin section 16), clinopyroxenes appear to be completely altered.
Among volcanic rocks, one sample (60) of dark gray trachyte was found: it has a finely porphyritic holocrystalline trachytic texture with oriented microliths of K-feldspar set in a groundmass of opaque minerals and altered clinopyroxene. Other samples of volcanic rocks are a basaltic vescicular scoria (Thin section 69), a very altered olivine basalt (Thin section 66) with aphanitic hypocrystalline texture, and a rhyolitic volcanic rock with flow texture and phenonocrysts of embayed quartz and alkaline-feldspar (Thin section 68).
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The group of low-grade metamorphic rocks comprises metasiltstones, metasandstones, phyllites, slates, quartzite, biotite hornfels, biotite 6 amphibole schists, and rare gneisses. Metasandstones are fine to medium grained, with well-preserved bedding and clastic texture. Grains are composed mainly of quartz, with minor amount of feldspars, which are set in recrystallized matrix composed of chlorite, muscovite and calcite, and sometimes oxides. Phyllites display of a very weak fine-grained foliation defined by orientation of white mica, chlorite, and rare biotite flakes, set in a mainly quartzose and carbonate equigranular matrix. Slate is characterized by a well-defined quartz and opaque minerals cleavage, with a spotted texture formed by Fe-oxides porphyroblasts (Thin section 52). Hornfels are mainly of sedimentary origin: they preserve clastic texture, with fine to medium grained granoblastic quartz domains and randomly oriented biotite and chlorite flakes, which sometimes form spotted structures. Biotite schists show fine to medium grained grano-lepidoblastic texture, with foliation defined by orientation of biotite and poikiloblastic actinolite, and granoblastic domain defined by interlobate quartz and plagioclase aggregates (Thin section 20). In some cases, amphibole is absent and the foliation is defined by biotite and rare white mica (Thin section 21). Geochemistry, Geophysics, Geosystems
One sample (Thin section 54) is characterized by gneissic layering defined by granoblastic interlobate quartz and plagioclase domains associated with nematoblastic hornblende and rare garnet.
Sedimentary rocks are mainly siltstones, graywackes, and medium grained quartz-arenite. Dark gray to black siltstones are composed of very fine-grained quartz grains set in a matrix of clay and opaque minerals. Graywackes consist of fine to medium grained sands composed by quartz and minor amount of feldspars. Lowgrade metamorphic and siliceous lithic fragments are prevalent, set in a matrix of clay, calcite, and sometimes chlorite. Brown to pinkish quartz-arenites are heterogranular, medium to coarse grained, with prevalent subrounded quartz grains and minor amount of feldspars, chert and low-grade metamorphic lithic fragments. The cement consists sometimes of authigenic quartz overgrowth and sometimes of carbonates.
Clasts Distribution
The Sulzberger Bay cores are characterized by a distinct clast assemblage, with core 96-14 dominated by low-grade metamorphic rocks (81%), followed by granitoids and subordinate sedimentary rocks; on the other side, core 96-11 shows a prevalent granitoid lithology of clasts (79%) and a minor metamorphic component. Core 96-16 has a mixed composition with prevalent granitoids (40%), with subordinate metamorphic (27%) and sedimentary clasts (17%). Considering all the counted clasts together as a single group, these three cores have an overall composition consisting of dominant granitoids rock fragments (66%), and minor low-grade metamorphic rocks (15%), quartz (10%), and sedimentary rocks (9%).
Trough 6 cores have an overall clasts distribution more homogeneous than the Sulzberger Bay group (Figures 2 and 7). In every core, the predominant lithology among the counted clasts is low-grade metamorphic rock, followed in general by sedimentary clasts and granitoids; only in one case (core 83-14) do granitoids prevail over sedimentary rock fragments in counted clasts. Volcanic and subvolcanic clasts are rare and occur only in the westward three cores, distributed from the center of the trough to its border, close to the Ice Shelf margin. The minor amount of granitoid clasts is reflected also in the overall composition of this group, with 75% clasts composed of low-grade metamorphic rock fragments, 12% of sedimentary rock fragments, and 5% of granitoids, with minor amount of volcanic and subvolcanic clasts.
Also in the case of trough number 5 of Mosola and Anderson [2006] (Figures 2 and 7 ), low-grade metamorphic rocks are the most widespread lithologies among the counted clasts in the cores, with a percentage range of 50 and 72%. Granitoids are the second most represented lithology in all but one of the cores (99-04), followed by sedimentary clasts and minor mafic porphyries, dolerites, and volcanic rocks. In this trough, granitoids are more abundant than sedimentary clasts, ranging from 50% in 94-61 core to 6% in 99-04 core. Volcanic rocks are minor, but are present in four out of eight cores, with a peak occurrence in core 99-04 with 17% of the total. Subvolcanic mafic porphyries and dolerites are present in minor amount in five out of eight cores, with the maximum occurrence of 8% in 94-65 PC. Counting all the clasts together as a single group, the trough 5 cores have an overall clast assemblage including 64% of metamorphic clasts, 24% of granitoids, 4% of sedimentary clasts, and minor amounts of subvolcanic and volcanic rocks.
Mineral Chemistry 3.3.1. Analytical Details
Mineral chemistry analyses were carried out on 10 representative clasts. They were chosen on the basis of the presence of minerals such as amphiboles and white micas and considering also their lack of alteration. Only samples with fresh mineral surfaces were chosen. They include biotite amphibole schist (Thin sections 3 and 20), fine to medium grained metasandstones (Thin sections 11 and 56), biotite-hornblende tonalite (Thin section 59), biotite-white mica gneissic schist (Thin section 21), biotite gneiss (Thin section 47), biotitehornblende gneiss (Thin section 54), biotite-white mica hornfels (Thin section 62), and fine-grained calcschist (Thin section 63). Chemical analysis of the main mineral phases identified via petrographic microscope were carried out with an X-ray energy dispersive system EDAX DX4 attached to a Scansion Electron Microscope Philips XL30 at the Department of Physical Sciences, Earth and Environment of Siena (Italy). Selected thin sections have been polished and carbon coated before carrying out measurements. Analytical conditions were 20 kV of accelerating voltage, 25 lA of emission current, and a beam spot size of 0.2 Am. Natural minerals were used as standards. Fe 31 concentration in clinoamphiboles and clinopyroxenes was estimated by the equation of Droop [1987] , assuming charge balance.
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Mineral Chemistry Results
Chemical analysis of bulk-rock samples from western Marie Byrd Land are available in literature [Weaver et al., 1991 [Weaver et al., , 1992 Korhonen et al., 2010b; Yakymchuk et al., 2015; Brown et al., 2016] . However, published mineral chemistry analyses from the region are sparse. One example is Smith [1996] in which mineral data of migmatitic paragneiss from Scott Nunataks (Alexandra Mountains) are presented.
In this work, also minerals from one sample of biotite-hornblende Ford granodiorite from Lewis Rocks (Phillips Mountains) and one sample of Swanson Formation phyllite from Bailey Ridge (Sarnoff Range), both stored at the Polar Rock Repository at the Byrd Polar and Climate Research Center (Ohio State University), were analyzed. The latter were chosen because they showed similar petrographic features with some of the detrital clasts recovered offshore and to better check the possibility of a comparison with some bedrock sources.
Clinoamphiboles, biotites, and white micas composition are shown in White mica representative compositions are listed in Figure 4c . White micas in metasandstone (Thin section 11), calc-schist (Thin section 63), biotite-white mica hornfels (Thin section 62), and gneissic schist (Thin section 21) are all muscovite, with a wider and more phengitic composition in the latter. White micas in the other analyzed metasandstone (Thin section 56) show a wide and prevalently phengitic composition, with Si (a.p.f.u.) ranging from 6.36 to 6.86.
3.4. Zircon U-Pb Geochronology 3.4.1. Analytical Details Zircon U-Pb dating was performed on three piston core samples (96-10; 83-14; 94-63, sampling depths are listed in Table 1 ) at the LA-ICP-MS lab at the Consiglio Nazionale della Ricerche (CNR)-Istituto di Geoscienze e Georisorse Unit a di Pavia (Italy), following the analytical conditions described in Langone et al. [2014] . Samples were taken from sand-rich intervals in order to obtain as much datable grains as possible; the choice of cores was determined by their geographic location, which cover an extensive area from Colbeck Trough (core 96-10) close to Cape Colbeck in Edward VII Peninsula to trough 6 close to the coast of Roosevelt Island (core 83-14) and trough 5 (core 94-63). Sampling site locations are shown in Figure 2 .
Zircon grains were separated from 100 cm 3 bulk samples after careful crushing using heavy liquids and magnetic separation techniques. Zircon grains were then mounted in 1 in. epoxy-filled mount, and polished to obtain even surfaces suitable for cathodoluminescence (CL) imaging and LA-ICP-MS analyses. Prior to age determination, the internal structure of the zircons was investigated with backscattered electron (BSE) microscopy and CL using a Philips XL30 electron microscope equipped with a Centaurus CL detector. Prior to the CL imaging, the samples were carbon coated and the images were obtained using 15 kV acceleration voltage and a working distance of 26 mm. Age determinations were performed using a 193 nm ArF excimer laser microprobe (GeoLas200QMicrolas) coupled to a magnetic sector ICP-MS (Element 1 from ThermoFinnigan). Analyses were carried out in single spot mode and with a spot size fixed at 25 mm. [Horn et al., 2000] . Mass bias and laser-induced fractionation were corrected by adopting external standards, the GJ-1 zircon standard (608.5 6 0.4 Ma) [Jackson et al., 2004] . During an analytical run of zircon analyses, a reference zircon (02123, 295 Ma) [Ketchum et al., 2001 ] was analyzed together with unknowns for quality control. Data reduction was carried out through the GLITTER software package [Van Achterbergh et al., 2001] . Time-resolved signals were carefully inspected to detect perturbation of the signal related to inclusions, cracks, or mixed-age domains. Within the same analytical run, the error associated with the reproducibility of the external standards was propagated to each analysis of sample [see Horstwood et al., 2003] , and after this procedure each age determination was retained as accurate within the quoted error. U ratios using the function in the software package Isoplot/Ex 3.00 [Ludwig, 2003] . Percentage of discordance has been calculated as { [1( 206 Pb/ 238 U age/ 207 Pb/ 235 U age)] 3 100}, and only the U-Pb ages with a percent of discordance <61.5% were considered reliable. Errors in the text and figures are reported as 2r. Discordant data were not taken into consideration because of doubtful interpretation. The Isoplot software was also used to draw concordia diagrams and probability density plots. U-Pb isotope analyses and calculated ages of zircons are reported in the data repository.
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Zircon U-Pb Geochronology Results
Zircon U-Pb results are reported in Table 3 and in Figure 5 . This figure displays the data from three new samples together with the data of Licht et al. [2014] , in geographic order from East to West.
Sample from core 96-10 is characterized by zircon with various crystal shapes, from elongated to short, rounded and abraded, with internal features, as shown by CL imaging, varying from continuous oscillatory zoning to homogenous low CL core and rims, separated by high CL bands/domains. Eighty-one analyses were carried out, and 44 concordant ages were obtained.
Sample from core 83-14 yields generally zircon grains in a good state of conservation, with shapes varying from elongated to short. CL imaging highlights different kinds of zonation, from continuous oscillatory to high CL core and rims separated by low CL bands. Ninety-two analyses were performed and 52 concordant ages were obtained.
Sample from core 32-24 shows zircon grains with variable crystal shapes, from elongated to short, and several grains appear rounded and abraded. Zonation is very variable, with some crystals showing continuous oscillatory zonation, and others showing alternating homogeneous high and low CL bands and oscillatory zonation bands. Eighty-two concordant dates were obtained from 106 analyses.
Among the three analyzed samples five age populations could be identified.
A significant population is present in samples from cores 96-10 (Colbeck Trough) and 83-14 (Roosevelt Island), whereas it is minor in sample 32-24 (trough 5).
A Devonian-Carboniferous (311-360 Ma) population is present in samples from cores 96-10 and 83-14. This population is absent in sample from core 32-24, where a Late Triassic (201 Ma) population is instead present.
A Neoproterozoic-Cambrian (492-566 Ma) population is minor in sample from core 96-10 and major in samples from cores 83-14 and 32-24.
Subordinate Precambrian (987-1039; 1457; 2155 Ma) populations are present only in samples from cores 83-14 and 32-24.
These results resemble the data of Licht et al. [2014] in most respects ( Figure 5 ).
3.5. Apatite Fission Track Thermochronology 3.5.1. Analytical Details Apatite fission-track analysis was performed on grains acquired from nine piston core samples. The latter are, located from east to west, 96-11, 96-16, 96-10, 32-27, 99-17, 83-14, 62-16, 32-24, and 94-58 . Sampling depths are listed in Table 1 and core sites are shown in Figure 2 . Samples were analyzed at the Fission Track laboratory of the University of Padua. As for UPb analysis, samples were chosen from sand-rich intervals of the cores and following the widest geographic distribution across the study area. Apatite grains were separated from 100 cm 3 bulk samples after careful crushing using heavy liquids and magnetic separation techniques. Mounts of apatites in epoxy were ground and polished to expose planar surfaces within the grains and then etched with 5 N HNO 3 at 208C for 20 s to reveal spontaneous fission tracks. Samples then were irradiated with thermal neutrons in the reactor at the Radiation Center of Oregon State University with a nominal neutron fluence of 9 3 10 15 n cm 2 . The CN-5 dosimeter was used to measure neutron fluence. After irradiation, induced fission tracks in the low-U muscovite that covered apatite grain mounts and glass dosimeter were revealed by etching in 40% HF at 208C for 40 min. Apatite FT dates (up to 40 grains per sample; analyst: Dr. B. Andreucci) were calculated using the external-detector and the zeta-calibration methods [Hurford and Green, 1983] with IUGS age standards (Durango and Fish Canyon apatites) [Hurford, 1990] and a value of 0.5 for the 4p/2p geometry correction factor. The observed grain-age distributions were decomposed into different component populations by using the binomial peak-fitting method [Brandon, 1996] . This technique is based directly on the bimodal distribution that best represents counting statistics for FT dating. Individual fitted peaks have a mean age and standard error.
AFT Thermochronology Results
Apatite fission-track results are reported in Table 4 and Figure 6 ; 40-100 grains were dated for each of nine cores, allowing a good decomposition into different populations. Where multiple samples from a single Geochemistry, Geophysics, Geosystems 10.1002/2016GC006728 core were analyzed, no significant variability with depth was observed. Therefore, results obtained from the same core are presented and discussed together.
The easternmost samples from cores located in Sulzberger Bay yield Late Cretaceous to Early Eocene ages.
The Ross Sea samples yield multiple age populations. In order of abundance, these are as follows: Cretaceous to Eocene (p3, p4, p5 in Table 4 ), Late Triassic-Jurassic (p6 in Table 4 ), and Oligocene (p2 in Table 4 ). Age populations represented by less than three crystals are reported in Table 4 (marked by an asterisk) and number of crystals-1); a probability >5% is indicative of an homogenous population. Samples with a probability < 5% have been analyzed with the binomial peak-fitting method to obtain the P1-P4 fitted peaks (P: age population). Peak values signed with * are represented by less than three crystals, and therefore they are considered non significant and not involved in discussion.
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The suite of clasts found in the Eastern Ross Sea cores shows a predominant fraction composed by lowgrade metasediments. The only known low-grade metamorphic unit in Marie Byrd Land is the Swanson Formation, a quartz-rich metaflysch sequence that is well exposed in the Swanson, Denfield, McKay, Clark and Allegheny Mountains in western Marie Byrd Land [Wade et al., 1977a [Wade et al., , 1977b [Wade et al., , 1978 Bradshaw et al., 1983] . Moreover, correlative metasediments crop out in isolated nunataks, such as La Gorce peak, in Edward VII Peninsula [Wade et al., 1977c; Adams et al., 1995; Kleinschmidt and Petschick, 2003] . Other greenschist facies metasediments crop out in Ruppert and Hobbs Coast , Brand, 1979 .
Fine to medium grained metasandstones and metagraywackes (i.e., Thin section 6, Figure 3 ) found in marine cores are similar in texture, grain size and metamorphic grade (sub-greenschist facies paragenesis) to those belonging to the Swanson Formation sequences [Bradshaw et al., 1983] . Furthermore, some samples exhibit thermal metamorphism with spotted texture (i.e., Thin section 62, Figure 3 ), such as some bedrock portions of Swanson Formation rocks which underwent contact metamorphism due to pluton emplacement [Bradshaw et al., 1983; Adams et al., 1995; Kleinschmidt and Petschick, 2003] .
White mica analysis carried out on micas defining the cleavage in metasedimentary clasts (Figure 4c) show a variable composition, in most cases with a higher phengitic component (Si 5 3.2-3.4 atoms per formula unit), compared to those in Bailey Ridge phyllite from PRR (Si < 3.1 a.p.f.u.) which is attributed to Swanson Figure 6 . Histogram for AFT ages with best fit peaks, calculated with the Binomfit software [Brandon, 1996] .
Formation. This difference could be due to different metamorphic conditions, namely higher pressure (4-8 kbar or higher), in comparison to the low pressure regime suggested by the sample from PRR (2 kbar following the method described in Massonne and Schreyer [1987] ). Literature data clearly indicate that no other high pressure and low-grade units are known in the region. However, medium to high pressure conditions are recorded in the Fosdick migmatite-granite complex where a Devonian-Carboniferous event (820-8708C, 7.5-11.5 kbar) was superimposed by a Cretaceous high-grade overprint at 830-8708C and 6-7.5 kbar [Korhonen et al., 2010a [Korhonen et al., , 2010b [Korhonen et al., , 2012 . Therefore, metasedimentary clasts found in the marine record could come from the erosion of rocks belonging to Swanson Formation, or a lithologically similar unit which experienced moderately high P low-grade metamorphism, or to a lower grade correlative of the Fosdick complex, even if white mica is nearly absent from Fosdick and Alexandra migmatite complexes. An alternative source could be indicated in a lithologically similar unit that is younger than Swanson Formation (at least post-Permian) and that has been considered as the (meta)-sedimentary protolith of the metamorphic paragneiss cropping out in Alexandra Mountains, in Edward VII Peninsula ]. However, [1977a, 1977b, 1977c, 1978] .
the overall mineral data so far available from both clasts and bedrock samples from the Swanson Formation are still few and they do not allow a conclusive and robust statement to demonstrate this interpretation. Even available mineral chemistry data of Smith [1996] from Alexandra Mountains refer to higher grade rocks and to different minerals.
The petrographic features of the two groups of granitoids identified in detrital clasts are similar to those of the two granitic suites cropping out in Marie Byrd Land, the Devonian Ford Granodiorite, and the Cretaceous Byrd Coast Granite. The black and white granodioritic to tonalitic biotite-hornblende variety (i.e., Thin section 15 in Figure 3 ) is similar in texture, grain size and modal mineralogy to those exhibited by granodioritic to tonalitic Ford Granodiorite [Weaver et al., 1991 , Yakymchuk et al., 2015 . Chemical analysis of clinoamphiboles revealed similarities between Mg-hornblendes found in a biotite-hornblende tonalite from marine record and those of a Ford Granodiorite sample from the Phillips Mountains (Figure 4a ). Also biotites from these two samples show a similarity in composition (Figure 4b ). This calc-alkaline metaluminous to peraluminous I-type suite is widespread in the Ford Ranges and has its easternmost outcrop in Ruppert Coast [Weaver et al., 1991; ]. On the contrary, the pinkish porphyritic monzogranite and leucogranite variety (i.e., Thin section 5 in Figure 3 ) exhibits similar petrographic features with the alkaline suite of the Byrd Coast Granite. The latter is common in Edward VII Peninsula, the Ford Ranges, and Ruppert Coast [Weaver et al., 1991 [Weaver et al., , 1992 [Weaver et al., , 1994 Adams et al., 1995] , with a predominantly leucogranite and syenogranite suites. Alkaline porphyritic varieties found in marine data set could be associated with the Byrd Coast Granite too, as hypabyssal types of epizonal emplacement.
Sedimentary clasts found in piston cores (mainly quartz-arenite, graywackes, and siltstones) could belong to rocks from Swanson Formation, even if they do not show any metamorphic overprint, or to a unit of sedimentary rocks in the subglacial environment, that is nowhere exposed. In the first case, this would mean the presence in West Antarctica of portions of the Swanson Formation that exhibit no metamorphic overprint. The second case is not directly verifiable, however, an airborne gravity model over Edward VII Peninsula and the Ford Ranges [Luyendyk et al., 2003 ] mapped some low-density subglacial units which could be made up of porphyritic varieties of Byrd Coast Granite, felsic volcanic rocks or sedimentary deposits. Because all of the exposed Swanson Formation in the Ford Ranges, together with its correlatives in northern Victoria Land and New Zealand are metamorphosed [Adams et al., 1995] , it is difficult to imagine large areas of nonmetamorphic Swanson Formation which could produce a significant marine detrital record. Therefore, our favored interpretation is that detrital sedimentary clasts derive from a subglacial sedimentary unit that is so far undetected in the region. A possibility for the source rock could be portions of unmetamorphosed equivalent of the post-Permian unit in Edward VII Peninsula, considered the protolith of the Alexandra Mountains paragneisses ].
Volcanic rocks in Marie Byrd Land are well exposed as Cenozoic eruptive centers in the Flood Range, Hobbs Coast, and Executive Committee Range Rex, 1989, 1990; Panter et al., 1997 Panter et al., , 2000 Hart et al., 1997] . These volcanoes are composed primarily by felsic alkaline lavas (phonolite, trachyte, and intermediate rocks) that comprise almost all the rocks exposed above ice level in most inland volcanoes as in Flood Range [LeMasurier et al., 2011] . Pleistocene basaltic rocks were found also in the Fosdick Mountains [Gaffney and Siddoway, 2007] . Volcanic clasts (i.e., Thin section 60), are very rare in the marine data set: they show petrographic characteristics and felsic alkaline modal mineralogy which make them comparable to the Marie Byrd Land volcanic province. It is noteworthy that, although the bedrock geology testifies to the presence of many volcanic centers, volcanic detritus is rare in Eastern Ross Sea. This is in accordance with analysis carried out on detrital coarse sand from Eastern Ross Sea cores by Anderson et al. [1992] , who identified specific petrographic provinces for Troughs 5 and 6 composed mainly by schists, granites, rounded quartz, and minor amount of gneisses and diabase. Also data relating to subglacial till from Whillans Ice Stream in West Antarctica [Vogel et al., 2006] shows a lack of volcanic detritus, even if the catchment area of this ice stream could be related to the Transantarctic Mountains . One hypothesis which could explain the rarity of volcanic lithologies is that their presence in the marine record among gravel-sized clasts has been diluted by the long transport from known eruptive centers located in Flood Range and Executive Committee Range, or that the clasts are physically weathered. While other lithologies found in the marine record have their correlatives in bedrock geology close to the Marie Byrd Land coast, the volcanic clasts have their closest correlative outcrops in the Fosdick Mountains, requiring a very long transport (and stronger erosion) and a LGM ice flow path different from the modern draining system. The second hypothesis Behrendt et al., 1994 Behrendt et al., , 1996 Behrendt et al., , 2004 ] revealed a series of magnetic and topographic anomalies interpreted to be subglacial volcanic centers: some of them are supposed to be the remnants of residual topography after glacial removal by the WAIS. Also data from Ferraccioli et al. [2002] and Luyendyk et al. [2003] suggest the presence of sub-ice volcanic centers in western Marie Byrd Land. These combined data suggest the presence of a subglacial source of the detrital clasts found in our data set, rather than a source located farther east in MBL, even if the statistical rarity of clasts in marine record should imply volumetrically minor sources.
Dolerites and other mafic porphyritic varieties found in marine cores could be related to mafic plutonism throughout Marie Byrd Land during Cretaceous crustal extension, with emplacement of numerous dykes, sills and small plutons [Saito et al., 2013; Siddoway et al., 2005; Storey et al., 1999; Weaver et al., 1994] . The rock types are widespread from Huppert-Hobbs Coast to Fosdick Mountains and Ford Ranges.
Data Integration, With Implications for Tectonic and LGM Ice-Flows Reconstructions
In the sample located in Colbeck Trough (96-10) and in Sulzberger Bay (96-11; 96-16) most of the AFT and Zrn-UPb dates are Cretaceous-Eocene, reflecting a local sedimentary provenance from exposed or concealed gneiss domes, or Byrd Coast Granites (or thermally overprinted Swanson Formation) as suggested by Adams et al. [1995] . Clasts are predominantly composed of granitoid and metasedimentary lithologies, with an absence of volcanic detritus ( Figure 7 ). New AFT ages accord with the bedrock AFT ages of Adams et al.
[1995] and Lisker and Olesch [1998] on rocks from Edward VII Peninsula. Similar AFT ages are reported for mylonitic gneisses dredged in Colbeck Trough, very close to Edward VII Peninsula [Siddoway et al., 2004b] , and the Fosdick and Chester Mountains in the Ford Ranges [Richard et al., 1994] ; therefore, a mixing of local (Edward VII Peninsula) and distal (Ford Ranges) sources cannot be excluded for these cores, in particular for the core 96-11 which is located farther from the coast. Indirect information could account for such mixing: indeed, regional LGM ice-flows pattern from the Ford Ranges to the Sulzberger Bay is supported by the geomorphological study of Sugden et al. [2005] . Sample 96-10 from Colbeck Trough shows an AFT Oligocene population, possibly a reflection of Oligocene AFT ages found in Ford Ranges [Lisker and Olesch, 1998 ], but since the position of this core suggests a direct ice draining from Edward VII Peninsula to Colbeck Trough, this implies an Oligocene local exhumation for this region.
Most of the sediments of troughs 5 and 6 (Figure 7 ) yield Neoproterozoic-Cambrian Zrn-UPb age and Cretaceous AFT ages. Clasts consist mainly of metasedimentary lithologies followed by granitoids and sedimentary clasts (Figure 7 ). This is compatible with a prevalent Swanson Formation source, associated with rocks affected by Cretaceous extensional tectonism following the Byrd Coast Granite emplacement. The most consistent Zrn-UPb Precambrian age is 987-1039 Ma; this age population appears to be quite common from both sides of the Ross Embayment, being present in detrital zircons from offshore samples located in the Central and Western Ross Sea Licht and Palmer, 2013] , and from Beacon Supergroup rocks in the central Transantarctic Mountains [Elliot and Fanning, 2008] . However, since this age population is present also from Swanson Formation rocks Yakymchuk et al., 2015] and from BIS and KIS subglacial till samples (Figure 7) , direct attribution to a West Antarctic source for this age population appears to be likely for trough 5 and 6 samples.
However, other minor populations of ages show the existence of exhumed bedrock having different crystallization-cooling paths.
absent or negligible in offshore samples located close to the Edward VII Peninsula and Roosevelt Island coasts, we suggest that it can be used as a proxy for the contribution of local versus distal sedimentary provenance. 3. An Oligocene AFT age population is present in most of the cores both in troughs 5 and 6; this may correlate to an Oligocene-Pliocene cooling event documented in central Marie Byrd Land, that was related to the Oligocene-Pliocene volcanism and localized uplift (Hobbs Coast) [Hart et al., 1997; LeMasurier and Rex, 1982] . Spiegel et al. [2016] found an early Miocene AFT age population from Hobbs Coast glaciomarine sediment and they interpreted this age population as the result of an enhanced Neogene denudation, implying that uplift and relief formation in eastern Marie Byrd Land also started at about 20 Ma. Our samples record slightly an older age population, except for one sample (32-27 core) that has a similar age peak (P2 in Table 4 ). This similarity could imply that source rocks which experienced a 20 Ma exhumation event and provided detritus to offshore sites in the Eastern Ross Sea are located in a region involved in the uplift of Marie Byrd Land Dome, supporting the hypothesis of Spiegel et al. [2016] . However, a volcanic source for apatites yielding this age cannot be excluded, since volcanoes of similar age are present in the central Marie Byrd Land [LeMasurier and Rex, 1982] .
Trough 6 core sediments are heterogeneous, likely due to mixed local (e.g., core 83-14, located close to Roosevelt Island coasts) and distal sedimentary provenance. This variability is also seen in the clast distribution record, with cores 96-09 and 96-08 characterized almost exclusively by metamorphic clasts, while the other cores in the center of the trough are composed also of granitoids and sedimentary clasts with negligible volcanic rocks. It is probable that the easternmost two cores of trough 6, proximal to Edward VII Peninsula coast, have been influenced by local ice masses flowing from this region. On the contrary, the core sediments of trough 5 yield more homogeneous Zrn-UPb and AFT age populations, suggesting a common provenance, from one or more Ice Streams draining Marie Byrd Land, and possibly yet more distal. This possibility supports the hypothesis of long transport paths, with a major erosion and desegregation of more unstable lithologies such as volcanic ones.
Comparing the Zrn-UPb results to those obtained by Licht et al. [2014] The data presented in this study and by Licht et al. [2014] imply that rocks formed or metamorphosed and cooled to low T (<1008C) in the Late Triassic-Jurassic are present in the MacAyeal and Bindschadler Ice Streams LGM catchment regions. Korhonen et al. [2010a] report few inherited zircon grains of both Triassic and Jurassic ages from Cretaceous granite in the Fosdick Mountains. So far such an event had been documented in western Marie Byrd Land as inherited zircon grains from Alexandra Mountains paragneisses ].
The finding that most of the AFT dates are Cretaceous to Eocene suggest that a regional exhumation may have occurred at the time of the Byrd Coast Granite emplacement and following this event in the source region. Heating preceding this exhumation episode may have reset AFT dates, with respect to previous cooling events (Figure 8 ). However, Late Triassic-Jurassic dates were not reset, implying that the portion of the catchment to which they belong was not affected by Cretaceous exhumation.
To conclude we infer a local provenance for samples located in the Sulzberger Bay and very close to the coastlines of Edward VII Peninsula and Roosevelt Island, a mixed local and distal provenance for samples located in trough 6, and mainly a distal provenance for samples located in trough 5. For both the troughs we hypothesize a possible subglacial unit that was eroded to provide for significant amount of sedimentary clasts.
Most of the distal sediments were discharged by the MacAyeal Ice Stream and the Bindschadler Ice Streams, the drainage area of the former being fully compatible with the Marie Byrd Land geology. However, Late
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Triassic-Jurassic dates, already inferred by Licht et al. [2014] , and with few evidences in the Marie Byrd Land outcrops, were found to constitute a significant component of the Ross Sea sediments Zrn-UPb and AFT.
Conclusions
In this study, a multianalytical provenance analysis involving three different techniques was carried out to LGM glaciomarine sediments located in the Eastern Ross Sea and in Sulzberger Bay. The new detrital data inform about the WAIS dynamics and the features of the eroded area. The main conclusions are summarized as follows:
1. Gravel-sized clasts petrographic analysis revealed a source area defined mainly by low-grademetasedimentary units, namely Swanson Formation in western Marie Byrd Land and its correlatives in the region. 2. Devonian-Carboniferous and Cretaceous Zrn-UPb age populations signify sources in the Ford Granodiorite and Byrd Coast Granite (or their related migmatites complexes) as the main sources for granitoid detritus, pointing out a source region compatible with western Marie Byrd Land geology. 3. The rarity of both volcanic detritus and volcanic-related age populations suggests a volumetrically minor source located somewhere in a subglacial environment beneath WAIS, pyroclastic ejecta, or a distal source in volcanic ranges in central Marie Byrd Land. The latter requires a longer transport distance and major erosion. Unexposed sedimentary units are supposed to exist beneath WAIS in the LGM catchment areas that could provide detrital clasts to the sedimentary record in the Eastern Ross Sea. 4. Significant detrital Zrn-UPb and AFT Triassic-Jurassic age populations, already documented in detrital studies of the region, suggests the presence of quite widespread rocks that either formed or metamorphosed at that time in the LGM catchment areas. These rocks are presently not exposed in western Marie Byrd Land, but rocks of similar ages are found in Thurston Island and Walgreen Coast (eastern Marie Byrd Land). Geochemistry, Geophysics, Geosystems 10.1002/2016GC006728
5. The source area for the sediments is considered to be Edward VII Peninsula for the samples located in Sulzberger Bay and in Colbeck Trough, and the catchment areas of MacAyeal and to a lesser extent Bindschadler Ice Stream for samples located in troughs 5 and 6. These draining patterns for the LGM are coherent with the composition and ages of detrital sediments, with the inland subglacial region of western Marie Byrd Land being the main source area. 6. Detrital AFT ages found in Eastern Ross Sea sediments inform about an Oligocene exhumation event occurred both in local source region (Edward VII Peninsula) and in distal source area. This event could be related to extensional tectonic setting [Siddoway, 2008] of this shoulder of the West Antarctic Rift System.
